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In the course of studying the two-superconductor tunneling
characteristics of sandwiches of Nb-Nb Oxide-In we have observed not
only the dc Josephson effect'*' (a zero-voltage tunpeling supercurrent),
but also, at finite voltages, dc current peaks of comparable magnitude.
A similar effect has been seen in junctions exhibiting dc zero-voltage
currents apparently due to low critical current superconducting shorts.
The tunneling sandwiches were made on commercial Nb foil 0,010"
2thick, which had been thoroughly outgassed at high vacuum. An oxide
layer estimated to be 15-25 A° thick was thermally grown on the Nb, onto
which was evaporated a 1500 A° thick film of pure In. The resulting tun-
2neling region was a square 1-2 mm in area. The tunneling measurements 
were made by immersing the sandwich directly into the liquid He. The 
measuring circuit is shown in Fig, 1. With part of the circuit in liquid 
helium as shown, it has been possible to lower resistances R^ and R^ to
-3
produce a load line as low as 5 x 10 ohms. We could thus completely
resolve peaks whose negative dynamic resistance, was as low as 5 x 10
ohms. It is interesting to note that with circuitry normally used in
superconducting tunneling measurements, much of the structure reported
here would have been missed.
•k
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2The earth's magnetic field was nulled to less than 3 x 10 
gauss with Helmholtz coils and ac fields were shielded from the junction 
with a high conductivity cylinder also immersed in the liquid He. The 
current and voltage signals were amplified with a pair of Keithley milli- 
microvoltmeters and applied to a Moseley X-Y recorder. To eliminate the 
possibility of instrumental effects, one I-V curve was checked using 
a potentiometer.
Examples of the recorded data, (tunneling current vs. voltage), 
was shown in Figs. 2 and 3. The curves .chosen for the figures were 
recorded with the sample at low temperatures where the structure was well 
developed. The effect of magnetic field on the I-1|t-characteristic of 
junction No. 21 is indicated in Fig. 2. Similar magnetic field behavior 
was observed for other samples with the exception of No. 24B which had 
no magnetic field dependence up to 50 gauss. Because of the lack of 
magnetic field dependence the zero-voltage current in this junction was 
attributed to a superconducting short of low critical current. Further 
evidence for such a shbrt were (a) that the magnitude of the zefo-voltage 
current exceeded the theoretical limit of the dc Josephson effect and 
(b) that the tunneling characteristic appeared to be superimposed upon 
a parallel conductance which was large compared to the normal tunneling.^ 
Fig. 3 shows curves for five different junctions all taken at approxi­
mately 1.15° K and in small magnetic fields chosen best to display the 
structure.
From the results on seven junctions which exhibited dc current 
peaks at voltages other than zero and for several others that did not, 
it is possible to make a number of tentative observations:
31. * The phenomenon may occur in structures which exhibit dc 
Josephson tunneling and also in structures with low critical current 
superconducting shorts. In junctions exhibiting the dc Josephson effect, 
the anomalous current peaks Seem to be favored by a large tunneling cur­
rent and by a well developed dc Josephson current. However, in some 
cases, samples possessing both properties have failed to exhibit structure
2. There appears to be a tendency for the current peaks to 
occur periodically in voltage. Several junctions exhibited a series of 
peaks spaced at approximately 8 to 10 microvolts. This is best exem­
plified by junction No. 21, shown in Fig. 2, with peaks occurring at 10.8, 
21.2, 32.1 microvolts (marked with circles), within 1% of exact multiples 
of 10.7, and two more at 44 and 56 microvolts, possibly-of the same sériés 
Other peaks for this junction at 20 and 40 microvolts (triangles) perhaps 
represent a weaker series. In specimen No. 24B a dominant series of 
three or perhaps four peaks on each side of the zero-voltage peak occur­
red at multiples of 41.7 microvolts. In this junction, and to a lesser 
extent in others tested, there was additional structure that could not 
easily be classified. The structure shows qualitative similarity but
was not quantitatively reproducible from sample to sample. In general, 
the structure is antisymmetric about the origin in detail and is repro­
ducible on variation of most parameters. However, the structure is oc­
casionally not reproducible to cycling the magnetic field because of flux 
^rapping, but it can be restored by warming above the transition temp­
erature of Nb.
3. The amplitude of the current peaks generally increases with 
decreasing temperature. As the temperature is lowered, additional peaks
4appear so that the structure is most fully developed at the lowest tem­
peratures. The position of the current peaks on the voltage axis is 
mildly temperature dependent, tending to higher voltages at low tempera­
tures. There appears to be a uniform expansion of the structure on the 
voltage axis of about 20% from the highest temperatures (0.1 to 0.2 deg. 
below the transition temperature indium) to the lowest, most of the 
change occurring at the high temperature end of this range.
4. In junctions where anomalous current peaks accompanied a 
dc Josephson effect all the current peaks were sensitive to a magnetic 
field parallel to the junction surfaces. Variation in amplitude appears 
to be periodic with magnetic field and of approximately the period of 
the Josephson effect, but the variations of the individual peaks are not 
necessarily in phase with the Josephson effect or with each other. Where 
the structure accompanied a superconducting short it was completely in­
dependent of magnetic field up to 50 gauss, the highest fields used. 
Whether or not the amplitudes of the peaks were magnetic field dependent, 
their spacing on the voltage axis was completely independent of magnetic 
field up to 50 gauss.
5. In one instance the resonance described by Eck, Scalapino 
and Taylor”* was observed with the anomalous current peaks of the present 
study superimposed. The two effects were easily distinguishable by ob­
serving that an increasing magnetic field shifted the resonance peak to 
higher voltages but left the anomalous structure unshifted in voltage.
In attempting to find an explanation for this phenomenon it 
is perhaps useful to think of the Josephson tunneling in terms of photon
5processes, following Josephson. In the absence of a voltage across the
tunneling barrier between two superconductors, tunneling can take place
with energy conservation without the emission of a photon. The magnitude
of the pair tunneling current can be calculated for this case and related
to the normal state tunneling and the tunneling of quasi-particles be-
3tween superconductors.
If, on the other hand, a voltage, AV, exists across the barrier 
energy cannot be conserved in the pair-tunneling process without the emis 
sion of a photon. In the absence of an absorption mechanism for the pho­
ton, the pair-tunneling is a virtual process and is accompanied by ac 
currents of frequency V - 2e(AV)/h as described by Josephson.^ This is 
frequently referred to as the ac Josephson effect. Consequently at a 
finite voltage the pair-tunneling current is related to the probability 
of emitting a photon of energy 2e(AV) in addition to the factors which 
determine the zero voltage tunneling.
An anomalous tunneling current at any voltage, (i.e., one in 
excess of that expected due to the tunneling of quasi-particles) repre­
sents an absorption of radiation of frequency V = 2e(Av)/h. The current 
profile as shown in Ffgs. 2 and 3 is, then, representative of the spec­
trum of microwave absorption in the vicinity of the tunneling junction.
Mechanisms for the absorption of the radiation accompanying 
tunneling at finite voltages have been predicted and/or observed. In 
one case absorption was through interaction with an externally applied 
microwave fielcM 'and in another through interaction with an electromag­
netic mode of the junction itself.'* While this effect is apparently 
another manifestation of the ac Josephson effect, the specific mechanism 
of absorption is not yet clear.
6B. D. Josephson, Phys. Letters J., 251 (1962) and Revs. Modem Phvs 
36, 216 (1964).
P. Townsend and J. Sutton, Phys. Rev. _128, 591 (1962).
V. Ambegaokar and A. Baratoff, Phys. Rev. Letters 10, 486 (1963) 
and JJL, 104 (1963) (erratum).
P. W. Anderson and J. M. Rowell, Phys. Rev. Letters H), 230 (1963)
R. E. Eck, D. J. Scalapino, and B. N. Taylor, Phys. Rev. Letters 
13, 15 (1964).
S. Shapiro, Phys. Rev. Letters JJ., 80 (1963).
7Fig, 1. Circuit used in measuring the current-voltage characteristics 
of superconducting tunneling junctions.
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Fig. 2. I-V characteristic in the vicinity of zero-voltage for junction 
No. 21 for a series of magnetic fields.
C
ur
re
nt
 
(A
bi
tr
ar
y 
un
its
)
9
— O 1 - v H .
T'
- 2 4 B i w ^ ___ 1---------^
31A 1— -
32A
---------- -N
» W hl N- \ N b
3 2 B
------------
k  ^ 1—  f <  .
1
-100 -80 -60 -40 -20 0 20 40 60 80 100
Voltage (/¿V)
Fig. 3. I-V characteristics of five different junctions under similar 
conditions of temperature and magnetic field. The current 
scale is not the same for all junctions.
Distribution list as of February 1,1964
1 Director
Air University Library 
Maxwell Air Force Base, Alabama 
Attn: CR-4803a
1 Redstone Scientific Information Center
U .S . Army M issile Command 
Redstone Arsenal, Alabama
1 Electronics Research Laboratory(Unclassified) 
University of California
Berkeley 4, California
2 Hughes Aircraft Company 
Florence and Teale 
Culver City, California 
Attn: N. E. Devereux
Technical Document Center
3 Autonetics (Unclassified)
9150 East Imperial Highway 
Downey, California
Attn: Tech. Library, 3041-11
1 Dr. Arnold T. Nordsieck
General Motors Corporation 
Defense Research Laboratories 
6767 Hollister Avenue 
Goleta, California
1 University of California (Unclassified)
Lawrence Radiation Laboratory 
P. O. Box 808 
Livermore, California
1 Mr. Thomas L. Hartwick
Aerospace Corporation 
P. O. Box 95085 
Los Angeles 45, California
1 Lt. Colonel Willard Levin
Aerospace Corporation 
P. O. Box 95085 
Los Angeles 45, California
1 Professor Zorab Kaprelian
University of Southern California
University Park
Los Angeles 7, California
1 Sylvania Electronic Systems -  West
Electronic Defense Laboratories 
P. O. Box 205 
Mountain View, California 
Attn: Documents Center
1 Varian Associates
611 Hansen Way 
Palo Alto, California 
Attn: Dr. Ira Weissman
1 Huston Denslow (Unclassified)
Library Supervisor 
Jet Propulsion Laboratory 
California Institute of Technology 
Pasadena, California
1 Professor Nicholas George
California Institute of Technology 
Electrical Engineering Department 
Pasadena, California
1 Space Technology L abs., Inc.
One Space Park
Redondo Beach, California 
Attn: Acquisitions Group
STL Technical Library
2 Commanding Officer and Director 
U .S . Naval Electronics Laboratory 
San Diego 52, California
Attn: Code 2800, C. S. Manning
1 Commanding Officer and Director
U .S . Navy Electronics Laboratory 
San Diego 52, California 
Attn: Library
1 Office of Naval Research Branch Office
1000 Geary Street 
San Francisco, California
1 The RAND Corporation
1700 Main Street 
Santa Monica, California 
Attn: Library
1 Stanford Electronics Laboratories (Unclassifie
Stanford University 
Stanford, California 
Attn: SEL Documents Librarian
1 Dr. L. F. Carter
Chief Scientist Air Force 
Room 4E-324, Pentagon 
Washington 25, D. C.
1 Mr. Robert L. Feik
Associate Director for Research 
Research and Technology Division 
AFSC
Bolling Air Force Base 25, D. C.
1 Captain Paul Johnson (USN-Ret)
National Aeronautics and Space 
Administration 
1520 H Street, N. W.
Washington 25, D. C.
I Major Edwin M. Myers
Headquarters USAF (AFRDR)
Washington 25, D. C.
1 Dr. James Ward
Office of Deputy Director 
(Research and Info)
Department of Defense 
Washington 25, D. C.
1 Dr. Alan T. Waterman
Director, National Science Foundation 
Washington 25, D. C.
1 Mr-. G. D. Watson
Defense Research Member
Canadian Joint Staff
2450 Massachusetts Ave., N. W.
Washington 8, D. C.
1 Mr. Arthur G. Wimer
Chief Scientist 
Air Force Systems Command 
Andrews Air Force Base 
Washington 25, D. C.
1 Director, Advanced Research
Projects Agency 
Washington 25, D. C.
1 Air Force Office of Scientific Branch
Directorate of Engineering Sciences 
Washington 25, D. C.
Attn: Electronics Division
1 Director of Science and Technology
Headquarters, USAF 
Washington 25, D. C.
Attn: AFRST-EI/GU
1 AFRST - SC
Headquarters, USAF 
Washington 25, D. C.
1 Headquarters, R & T Division (Unclassified)
Bolling Air Force Base 
Washington 25, D. C.
Attn: RTHR
1 Headquarters, U. S. Army Material Command
Research Division, R & D Directorate 
Washington 25, D. C.
Attn: Physics & Electronics Branch 
Electronics Section
1 Commanding Officer
Diamond Ordnance Fuze Laboratories 
Washington 25, D. C.
Attn: Librarian, Room 211, Bldg. 92
1 Operation Evaluation Group
Chief of Naval Operations (OP-03EG) 
Department of Navy 
Washington, D. C. 20350
1 Chief of Naval Operations (Code OP-ONT) 
Department of the Navy 
Washington, D. C. 20350
1 Commanding Officer
U. S. Army Personnel Research Office 
Washington 25, D. C.
1 Commanding Officer & Director
Code 142 Library 
David W. Taylor Model Basin 
Washington, D. C. 20007
1 Chief, Bureau of Ships (Code 686) 
Department of the Navy 
Washington, D. C. 20360
1 Chief, Bureau of Ships (Code 732)
Department of the Navy 
Washington, D. C. 20360
1 Chief, Bureau of Naval Weapons
Technical Library, DLI-3 
Department of the Navy 
Washington, D. C. 20360
1 Director, (Code 5140)
U. S. Naval Research Laboratory 
Washington, D. C. 20390
1 Chief of Naval Research (Code 437)
Department of the Navy 
Washington, D. C. 20360
1 Dr. H. Wallace Sinaiko (Unclassified)
Institute for Defense Analyses 
Research & Engineering Support Division 
1666 Connecticut Ave. , N. W.
Washington 9, D. C.
1 Data Processing Systems Division 
National Bureau of Standards 
Conn, at Van Ness 
Room 239, Bldg. 10 
Washington 25, D. C.
Attn: A. K. Smilow
1 National Bureau of Standards (Unclassified)
Research Information Center &
Advisory Service on Information 
Processing
Data Processing Systems Division 
Washington 25, D. C.
1 Exchange and Gift Division (Unclassified)
The Library of Congress 
Washington 25, D. C.
1 NASA Headquarters
Office of Applications 
400 Maryland Avenue, S. W.
Washington 25, D. C.
Attn: Mr. A. M. Greg Andrus 
Code FC
1 APGC (PGAPI)
Eglin Air Force Base 
Florida
1 Martin Company
P. O. Box 5837 
Orlando, Florida 
Attn: Engineering Library 
MP-30
1 Commanding Officer
Office of Naval Research, Chicago Branch 
6th Floor, 230 North Michigan 
Chicago 1, Illinois
1 Laboratories for Applied Sciences
University of Chicago 
6220 South Drexel 
Chicago 37, Illinois
1 Librarian (Unclassified)
School of Electrical Engineering 
Purdue University 
Lafayette, Indiana
1 Donald L. Epley (Unclassified)
Department of Electrical Engineering 
State University of Iowa 
Iowa City, Iowa
1 Commanding Officer k
U. S. Army Medical Research Laboratory 
Fort Knox, Kentucky
2 Keats A. Pullen, Jr.
Ballistic Research Laboratories 
Aberdeen Proving Ground, Maryland
1 AFMDC (MDSGP/Capt. Wright)
Holloman Air Force Base 
New Mexico
1 Commanding General
White Sands M issile Range 
New Mexico
1 Microwave Research Institute
Polytechnic Institute of Brooklyn 
3-5 John Street (Unclassified)
Brooklyn 1, New York
1
1
1
1
1
1
1
1
1
1
1
1
Director
U. S. Army Human Engineering Laboratories 
Aberdeen Proving Ground, Maryland
Mr. James Tippett 
National Security Agency 
Fort Meade, Maryland
Commander
Air Force Cambridge Research Laboratories 
Laurence G. Hanscom Field 
Bedford, Massachusetts
Dr. Lloyd Hollingsworth 
Director, ERD 
AFCRL
L. G. Hanscom Field 
Bedford, Massachusetts
Data Sciences Laboratory
Air Force Cambridge Research Lab
Office of Aerospace Research, USAF
L. G. Hanscom Field
Bedford, Massachusetts
Attn: Lt. Stephen J. Kahne -  CRB
In stru m e n ta tio n L a b o ra to ry (U n c la ss ifie d )
Massachusetts Institute of Technology
68 Albany Street
Cambridge 39, Massachusetts
Research Laboratory of Electronics (Unclassifi 
Massachusetts Institute of Technology 
Cambridge 39, Massachusetts 
Attn: Document Room 26-327
Dr. Robert Kingston 
Lincoln Laboratories 
Lexington, Massachusetts
Lincoln Laboratory (Unclassified) 
Massachusetts Institute of Technology 
P. O. Box 73
Lexington 73, Massachusetts 
Attn: Library, A-082
Sylvania Electric Products, Inc.
Electronic Systems 
Waltham Labs. Library 
100 First Avenue 
Waltham 54, Massachusetts
(Unclassified)
Minneapolis-Honeywell Regulator Co. 
Aeronautical Division 
2600 Ridgeway Road 
Minneapolis 13, Minnesota 
Attn: Dr. D. F. Elwell 
Main Station: 625
Inspector of Naval Material
Bureau of Ships Technical Representative
1902 West Minnehaha Avenue
St. Paul 4, Minnesota
1 Cornell Aeronautical Laboratory, Inc.
4455 Genesee Street 
Buffalo 21, New York 
Attn: J. P. Desmond, Librarian
1 Sperry Gyroscope Company (Unclassified)
Marine Division Library 
155 Glen Cove Road 
Carle Place, L. I. , New York 
Attn: Mrs. Barbara Judd
1 Major William Harris
RADC (RAWI)
Griffiss Air Force Base 
New York
1 Rome Air Development Center
Griffiss Air Force Base 
New York
Attn: Documents Library 
RAALD
1 Library (Unclassified)
Light Military Electronics Department 
General Electric Company 
Armament & Control Products Section 
Johnson City, New York
1 Columbia Radiation Laboratory
Columbia University (Unclassified)
538 West 120th Street 
New York 57, New York
1 Mr. Alan Barnum
Rome Air Development Center 
Griffiss Air Force Base 
Rome, New York
1 Dr. E. Howard Holt (Unclassified)
Director
Plasma Research Laboratory 
Rensselaer Polytechnic Institute 
Troy, New York
3 Commanding Officer
U .S . Army Research Office (Durham)
Box CM, Duke Station 
Durham, North Carolina 
Attn: CRD-AA-1P, Mr. Ulsh
1 Battelle-DEFENDER
Battelle Memorial Institute 
505 King Avenue 
Columbus 1, Ohio
1 Aeronautical Systems Division
Navigation and Guidance Laboratory 
Wright-Patterson Air Force Base 
Ohio
1 Aeronautical Systems Division
Directorate of Systems Dynamic Analysis
Wright-Patterson Air Force Base
Ohio
20 Activity Supply Officer, USAELRDL 
Building 2504, Charles Wood Area 
Fort Monmouth, New Jersey 
For: Accountable Property Officer 
Marked: For Inst, for Exploratory Research 
Inspect at Destination 
Order No. 576-PM-63-91
1 Commanding General
U. S. Army Electronic Command 
Fort Monmouth, New Jersey 
Attn: AMSEL-RE
1 Mr. A. A. Lundstrom
Bell Telephone Laboratories 
Room 2E-127 
Whippany Road 
Whippany, New Jersey
1 Commander
Research & Technology Div. 
Wright-Patterson Air Force Base 
Ohio 45433 
Attn: MAYT (Mr. Evans)
1 Commanding Officer (AD-5)
U .S . Naval Air Development Center 
Johnsville, Pennsylvania 
Attn: NADC Library
2 Commanding Officer
Frankford Arsenal 
Philadelphia 37, Pennsylvania 
Attn: SMUFA-1300
1
1
1
1
1
20
1
1
2
H. E. Cochran
Oak Ridge National Laboratory
P. O. Box X
Oak Ridge, Tennessee
U .S . Atomic Energy Commission 
Office of Technical Information Extension 
P. O. Box 62 
Oak Ridge, Tennessee
President
U .S . Army Air Defense Board 
Fort B liss, Texas
U .S . Air Force Security Service 
San Antonio, Texas 
Attn: ODC-R
Director
Human Resources Research Office 
The George Washington University 
300 North Washington Street 
Alexandria, Virginia
Defense Documentation Center 
Cameron Station 
Alexandria, Virginia 
22314
Commander
U. S. Army Research Office 
Highland Building 
3045 Columbia Pike 
Arlington 4, Virginia
U .S. Naval Weapons Laboratory 
Computation and Analysis Laboratory 
Dahlgren, Virginia 
Attn: Mr. Ralph A. Niemann
Army Material Command 
Research Division 
R & D Directorate 
Bldg. T-7
Gravelley Point, Virginia
